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Abstract 
The experimental approach combining high resolution transmission electron microscopy 
(HRTEM), electron diffraction (ED) and resonant Raman spectroscopy (RRS) on the same free-
standing individual carbon nanotubes (CNT) is the most efficient method to determine 
unambiguously the intrinsic features of the Raman-active phonons. In this paper, we review the 
main results obtained by the approach regarding the intrinsic features of the phonons of single-
walled (SWNT) and double-walled carbon nanotubes (DWNT). First, we detail the different 
methods to identify the structure of SWNTs and DWNTs from the analysis of their electron 
diffraction patterns (EDP). In the following, we remind the principal features of the Raman 
response of SWNTs, unambiguously index-identified by ED. A special attention is devoted to the 
effect of the inter-layer interaction on the frequencies of the Raman-active phonons in index-
identified DWNTs. The information obtained on index-identified SWNT and DWNT allows us to 
propose Raman criteria, which help identifying CNT when the ED fails to propose a single 
assignment. The efficiency of the Raman criteria as the complement to the ED information for the 
index-assignment of a few SWNTs and DWNTs is shown. The same approach to index-assign a 
triple-walled carbon nanotube (TWNT), by combining ED and RRS information, is reported. 
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1. Introduction 
Carbon nanotubes (CNT) are among the most promising materials for the modern 
photonics and optoelectronics [1]. However, due to the strong dependence of their physical 
properties on the atomic structure (e.g. diameter (d), chiral angle (T), number of layers) [2], the 
essential prerequisite for any basic or applied research in the field of carbon nanotubes has become 
the knowledge of their structural parameters. So far, several approaches for the structure analysis 
of individual carbon nanotubes have been established. They are based on high-resolution 
transmission electron microscopy (HRTEM) [3–6], scanning tunneling microscopy [7–9], electron 
diffraction (ED) [10–17], photoluminescence (PL) [18], Rayleigh spectroscopy [19–21], optical 
absorption [22], and resonant Raman spectroscopy (RRS) [23–28].  
HRTEM and ED are obviously the most powerful methods for the direct structure analysis 
at the single nanotube level. It was demonstrated, that when used in combination with other 
techniques, such as Resonant Raman spectroscopy [26], absorption [22,29] or Rayleigh 
spectroscopy [30], they allow to determine unambiguously intrinsic optical and/or vibrational  
properties of individual CNTs [29–37]. For instance, the combined application of ED and Rayleigh 
spectroscopy provided a firm experimental basis for  the predicted family variation with nanotube 
chirality and the splitting of optical transitions in metallic SWNTs, which ultimately played a 
critical role in guiding spectroscopic assignments [30]. On the other hand, few years ago from 
Raman experiments performed on individual single-walled carbon nanotubes (SWNT), 
unambiguously index-identified by electron microscopy techniques, Raman criteria for the 
SWNT’s structure assignments were established [38]. Finally, HRTEM and ED have been 
successfully combined with mechanical [39], electronic transport [40] and non-linear optics [41] 
measurements.  
This paper is organized as follows: in Section 2 the experimental approach is presented. In 
Section 3, we give an overview of the electron diffraction techniques and their application to the 
index-assignment of individual single- and double-walled carbon nanotubes (DWNT). Section 4 
presents an overview of the structural information, which can be derived from the analysis of the 
Raman spectra of SWNTs and DWNTs, namely: the diameter and the electronic nature of each 
layer and, in addition for DWNT, the inter layer distance. The limits of the diffraction methods in 
some specific situations are discussed in section 5. Especially, we show that in some cases such as 
low-quality electron diffraction pattern (EDP) due to the nanotube vibrations under the electron 
beam, or EDP distortion due to the high tilt angle between the electron beam and the axis of the 
nanotube, or, on the other hand, the intrinsic complexity of the DWNT with large diameters or/and 
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the same chirality of layers, the ED approaches fail to give unambiguous index-assignments.  In 
section 5, we also illustrate the efficiency of Raman spectroscopy as a tool for the index-
assignment of individual DWNT in the situations where electron diffraction fails to provide such 
assignment. Finally, in section 6 we test the complementarity between ED and Raman 
spectroscopy on a more complex system than DWNT, namely a triple-walled carbon nanotubes  
(TWNT), for which ED results alone fails providing an unambiguous index-assignment. 
2. Experimental approach 
Figure 1 displays a sketch of the combined measurements performed on the same 
suspended individual CNT. There are mainly two advantages in the presented experimental 
configuration: (i) the environment is minimized (substrate or surfactant is not interacting with the 
nanotube), and (ii) the CNT is accessible by electron and laser beams. The major issue of the 
sample fabrication is to acquire CNTs that are long enough to be suspended over holes or slits (as 
large as several tens of microns).  
 
Figure 1:  Schematic illustration of the experimental design. Individual free-standing 
(suspended) carbon nanotubes are directly grown on commercial perforated silicon nitride TEM 
grids (hole diameters ~ 2 µm) or across home-made slits on SiO2/SixNy substrates (slit width ~ 50 
µm). This design enables the combination of HRTEM imaging, electron diffraction, and Raman 
scattering to, respectively, probe the structural, vibrational and electronic properties of the same 
individual carbon nanotubes.  
In most of the studies discussed in this paper, the ultra-long individual single-, double- and 
triple-walled carbon nanotubes were grown by the catalytic chemical vapor deposition (CCVD) 
method directly on the commercial perforated silicon nitride TEM grids or across home-made slits 
fabricated by wet-etching of a SiO2/Si or SixNy/Si wafers. Typical growth parameter are reported 
in references [15,42,43]. As it was confirmed by high-resolution electron microscopy, electron 
diffraction and resonant Raman spectroscopy, the investigated nanotubes are homogenous and 
preserve their atomic structure all along the length [15]. 
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HRTEM and ED experiments are usually performed at low dose and voltage (typically 80 
kV) in order to minimize electron damages on the CNT. HRTEM micrograph alone usually does 
not permit to derive the structural parameters with a good accuracy, however it gives a fast 
diagnostic on the number of layers, possible amorphous carbon contamination and bundling 
effects. On the other hand, Resonant Raman spectroscopy measurements can be performed with 
standard available setups, though a large number of excitation lasers (including tunable lasers) 
should be used to improve the determination of the resonance conditions. In all experiments, 
incident and scattered light polarizations are oriented along the individual nanotubes axis (the so-
called (// //) geometry). Finally, the laser power must always be carefully controlled to avoid CNT 
heating. 
3. Index assignment of carbon nanotubes by electron diffraction  
We review in this part the main methods used to analyze electron diffraction patterns of 
individual carbon nanotubes with a special focus on DWNTs.  
The atomic structure of a single-walled carbon nanotube may be determined uniquely by a 
pair of the so-called chiral indices (n, m) [2]. These indices are related to nanotube’s diameter and 
helicity by formulas 𝑑 = √3𝑎𝐶−𝐶 ∙ √𝑛2 + 𝑛𝑚 + 𝑚2 𝜋⁄  and 𝜃 = 𝑎𝑟𝑐𝑡𝑎𝑛(𝑚√3 (2𝑛 + 𝑚)⁄ ), 
where aC-C = 0.142 nm is carbon-carbon distance in graphene. It is worth mentioning that the 
helicity or chiral angle θ defines the chirality of the nanotubes (zig-zag (θ =0 deg.), armchair (θ 
=30 deg.) and chiral (θ between 0 and 30 deg.)). The properties, in particular the electronic and 
optical ones, depend on this parameter, as well as on the diameter or equivalently on 𝑛 and 𝑚 
indices.  
The atomic structure of a double-walled carbon nanotube is characterized by (n,m) of the 
constituent SWNTs (called layers in the following) and by convention defined as follows: 
(n,m)inner@(n,m)outer. The average diameter and interlayer distance of a DWNT are then calculated 
from relations: <d>=  (𝑑𝑜𝑢𝑡 + 𝑑𝑖𝑛) 2⁄ ; 𝛿𝑟 =  (𝑑𝑜𝑢𝑡 − 𝑑𝑖𝑛) 2⁄ , where 𝑑𝑖𝑛 and 𝑑𝑜𝑢𝑡  are the inner 
and outer diameters, respectively. 
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Figure 2:  Schematic illustration of an electron diffraction pattern of (A) the chiral single-
walled carbon nanotubes (24,7) and (B) double-walled carbon nanotube (13,9)@(24,7). The 
principal layer lines are denoted as Eq. (equatorial), L1, L2 and L3. The quantities d1, d2, d3 refer 
to the distances between the equatorial line and the corresponding layer-lines. Red and blue layer 
lines are associated to the different layers of the DWNT. 
The EDP provides a direct way to determine all the CNT structural parameters, e.g. 
diameters, chiral angles and (n, m) indices.  A typical EDP of a chiral single-walled carbon 
nanotube is shown in the Figure 2A. The exact positions of 12 main reflections in the EDP can be 
calculated within the kinematical diffraction theory, where SWNT is considered as a series of 
continuous molecular helixes [16,44–46]. However, in more conceptual and simplistic terms and 
as a first approximation, one can consider the EDP as arising from electron diffraction from a pair 
of graphene sheets at the top and bottom sides of the SWNT perpendicular to the incident electron 
beam. Hence, a pair of hexagonal lattices, rotated by angle 2θ, is seen in the Figure 2A. Due to the 
finite dimensions of the nanotube, its translational symmetry and 1D periodicity, the hexagons’ 
vertices appear smeared and have an oscillation period proportional to the inverse diameter d. By 
convention, the central oscillating reflex is called an equatorial line (abbreviated Eq. line), while 
the others are named “layer lines” (1st, 2nd, 3rd or L1, L2, L3 etc.). One defines the distance between 
the equatorial line and the corresponding layer lines as d1, d2 and d3 and the period of radial 
oscillations of equatorial line as δ (Fig. 2A). The non-equatorial layer lines observed in a DWNT 
electron diffraction pattern (see Fig. 2B) is usually regarded as a simple sum of those of constituent 
SWNTs. One has to define two sets of layer lines for each layer, denoted as 𝐿𝑖𝐴 and 𝐿𝑖𝐵. On the 
other hand, due to the interference effects the intensity distribution of the equatorial line of 
DWNTs is characterized by two oscillation periods e and E, defined as shown in the Figure 3C. 
 
3.1. Review of methods for analyzing electron diffraction patterns 
Allen et al. showed, that the existing procedures for EDP treatment of single-walled carbon 
nanotubes is ambiguous, and each of them cannot be used in isolation (see detailed review in Ref. 
[47]). They concluded the necessity of combination of different treatment techniques for the 
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successful index-assignment of SWNTs. In this review, we analyze EDPs of double-walled carbon 
nanotubes, which have a higher level of complexity for the index-assignment.  
 
Figure 3. Principal steps of electron diffraction pattern analysis of an individual double-
walled carbon nanotube: (A) measurements of axial position di of the main layer-lines; (B) 
comparison of the axial intensity distribution of layer lines; (C) analysis of radial intensity 
distribution of the main layer-lines, in particular the equatorial line. 
Figure 3 summarizes principal steps of the electron diffraction pattern analysis of a chiral 
double-walled carbon nanotube. The corresponding EDP is sketched in Figure 2B. For the sake of 
clarity, we color in grey all extra-details that are not pertinent to the information analyzed at each 
step. The most general procedure includes the measurements of the axial positions of reflections 
(Fig. 3A), measurements of relative intensity of the layer-lines (Fig. 3B) and the analysis of radial 
intensity distribution (Fig. 3C). One should note, that the procedure shown in the Fig. 3, can be 
easily generalized to the case of single-walled nanotubes or multi-walled nanotubes with higher 
number of layers.  
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3.1.1 Measuring axial positions of layer-lines 
It was shown previously (Fig. 2A), that the EDP of a chiral SWNT has 12 non-equatorial 
reflections divided into 6 layer-lines. The axial positions, di, of these layer-lines can be directly 
related to the chiral angle θ. On the other hand, the EDP of a chiral DWNT will have twice as 
many reflections. Hence, to determine θ, one need to group all the reflections in the analyzed EDP 
according to the correct layer. A-priori this grouping is unknown. However, Jiang et al. showed 
that d2 and d3 belonging to the same layer of a MWNT should form a conjugated pair [48] with 
the following property: the bigger d3, the less is d2, and vice versa. Based on this principle, Deniz 
et al. proposed a zone method for the accurate grouping of layer-lines [49]. One can divide 
reciprocal space of the EDP into three zones as follows: zone L1 — from 0 to 0.577, zone L2 — 
from 0.577 to 1, zone L3 — from 1 to 1.154, where axial distances are given in terms of the factor 
1/a (Fig. 3A); a = 0.2461 nm is the lattice constant of graphene. The reflections from the two 
limiting cases of armchair and zig-zag layers will lie on the zone boundaries (see Figure 2 from 
Ref [49]), while d1, d2 and d3 of a chiral SWNTs will appear only within zones L1, L2 and L3 
respectively. Hence, the general rule for the EDP analysis of some multi-walled carbon nanotube 
is to define the Li zones and in a step-by-step manner assign di by groups using the property of 
conjugated pairs (the grouping by two sets A and B for a DWNT is shown in the Fig. 3A).  
It is clear from the dimensions of each of the zones in Figure 3A, that the layer-lines are 
not evenly spaced. When the layers of the MWNT have close chiral angles, their L3 layer-lines 
may overlap leading to the odd number of reflections in each quadrant. This fact complicates the 
grouping of reflections. However, in that case one can use another useful relation to discern 
between closely spaced L3 lines, namely: d3 = d2 + d1. 
Finally, we relate the set of measured di values to the chiral angle of the particular layer. 
Since L3 and L2 layer lines (from the first reflection order) are the most intense in the EDP, apart 
the Eq. line, it is reasonable to use them for estimating θ. It is determined in a straightforward way 
by formula [50]:  
𝜃 = 𝑎𝑟𝑐𝑡𝑎𝑛 ( 1
√3
2𝑑2−𝑑3
𝑑3
) (1) 
Since this relation considers only the ratio of di values, it is calibration-free. From the 
values of di one can also deduce the ratio of m/n by the following equation [14]: 
𝑚
𝑛
= 2𝑑2−𝑑3
2𝑑3−𝑑2
 (2) 
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3.1.2. Measuring relative intensities of layer-lines 
Given two groups of layer lines 𝐿𝑖𝐴 and 𝐿𝑖𝐵 (or consequently θA and θB) identified in the 
previous step, one can assign them to the inner or outer layers of the DWNT. Due to the different 
number of atoms in the inner and outer layers, different intensity of layer-lines may be expected. 
By integrating intensity distribution in the axial directions of two closely-situated layer lines of the 
same order (as shown in the Figure 3B), one can find that the outer layer would correspond to the 
layer-line with the highest intensity. As indicated in Figure 3B, the intensities of 𝐿2𝐴 and 𝐿3𝐴 are 
higher, so they correspond to the outer layer.   
3.1.3. Analyzing radial intensity distribution of layer-lines 
The intensity distribution of the layer-line in the radial direction can be characterized by 
the square of a Bessel-function of a particular order (Fig. 3C), related to the (n,m) indices of the 
nanotube. For instance, L1, L2 and L3 layer-lines have the following Bessel function orders: NL1 = 
n + m ; NL2  =  n ; NL3 =  m, respectively [14]. The order of the oscillations can be determined 
directly by extracting their radial intensity distribution and its subsequent fit with a Bessel function. 
Or, simply, by measuring ratios R1, R2 and R3 defined as follows [51]: 
𝑅1 =
𝑃2
𝑃1
  𝑅2 =
𝑃1
Δ12
  𝑅3 =
𝑀1
Δ12
 (3) 
where P1 is the distance between the first two highest maxima, P2 is the distance between 
the second two highest maxima, M1 is the separation between two first symmetrical minima (M1) 
and Δ12 is the distance between two adjacent minima (see notations on the Fig. 3C). By comparing 
measured values of R1, R2 and R3 with the theoretical calculations (see Tables in Ref [51]), one 
can derive the order of the corresponding Bessel function. 
The radial oscillations of the equatorial line have NEq = 0 and are of particular interest. In 
a DWNT EDP, they provide information on the mean diameter <d> and the interlayer distance δr 
[46]: 
 <d>=  1
𝑒
;      𝛿𝑟 = 1
𝐸
   (4) 
where e and E are the oscillation periods (see right part of the Fig. 3C). In the EDP of a 
SWNT, one finds diameter 𝑑0 = 1 𝛿⁄ , where δ is the period of oscillations of the equatorial line 
(Fig. 2A). It should be noted that the use of equations (4) requires the calibration of the diffraction 
pattern (see for instance Section 3.2.1 of Ref [46]). 
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Finally, given the axial measurements of di and radial measurements of e and E (or δ ) one 
can use the so-called “intrinsic layer lines” method, which allows to directly calculate (n,m) indices 
and also to estimate the tilt τ of the nanotube in respect to the incoming electron beam [13,52]. 
One finds (n,m) of a SWNT from the following formulas [13]: 
𝑛 = 𝜋
√3
∙ (2𝑑3 − 𝑑2) ∙
1
𝛿
;   𝑚 = 𝜋
√3
∙ (2𝑑2 − 𝑑3) ∙
1
𝛿
  (5a) 
and for (nin,min)@(nout,mout) of a DWNT one has [52] : 
𝑛𝑖𝑛 =
𝜋
√3
∙ (2𝑑3 − 𝑑2) ∙ (
1
𝑒
− 1
𝐸
);   𝑚𝑖𝑛 =
𝜋
√3
∙ (2𝑑2 − 𝑑3) ∙ (
1
𝑒
− 1
𝐸
)  (5b) 
𝑛𝑜𝑢𝑡 =
𝜋
√3
∙ (2𝑑3 − 𝑑2) ∙ (
1
𝑒
+ 1
𝐸
);   𝑚𝑜𝑢𝑡 =
𝜋
√3
∙ (2𝑑2 − 𝑑3) ∙ (
1
𝑒
+ 1
𝐸
)  (5c) 
Since these relations consider only ratio of di and δ (or di and e, E), they are calibration-
free.  
 
Figure 4: Comparison of simulated (left) and experimental (right) electron diffraction 
patterns for the index-assignment of an individual double-walled carbon nanotube 
(22,11)@(27,17). Simulation was performed using code Diffract. 
To summarize, three distinct methods for the analysis of the electron diffraction pattern can 
be found in the literature. The classical method relies on the direct calculation of (d,θ) pair through 
the relations (1) and (4), followed by a series of simulation procedures [15–17,46,50,53]. A unique 
structural assignment is then obtained from comparison of the experimental ED pattern with 
simulated one for all possible structures in a reasonable range. This comparison is shown in Fig. 
4. Second method, introduced by Liu and Qin et al. [51,54], analyses the orders of Bessel functions 
of the main oscillations in the EDP and from them determines the indices n or m of each layer. 
10 
 
The last one was originally developed by Jiang et al. for single-walled nanotubes [13], then 
optimized for double-walled by Liu et al. [52]. It is based on direct determination of the (n, m)  
indices from the so-called “intrinsic layer lines”. These methods for analyzing the EDP of NTs can 
also be applied to BNNTs, as well as to other NTs having the same structure [16,55,56]. 
The application of the above-mentioned methods should be done with care, since their 
accuracy can be sensitive to different factors. For instance, any tilt τ of the axial plane of a nanotube 
away from normal to the incident electron beam leads to an increase of the measured di distances 
by a factor of 1/cos (τ), and also to the change in the radial positions of the peaks in the layer lines 
[51]. Consequently, it may lead to the wrong index-assignment when using formulas (3) and (5), 
as will be demonstrated afterwards. Finally, regarding the classical method, the effect of the tilt 
angle can also alter the (n,m) assignment. To overcome this problem, it was proposed for instance 
in Ref. [10] to perform simulations of the ED pattern not only by considering different structures, 
but also different tilt angles in a reasonable range. The comparison with simulations allows to 
determine the indices and at the same time to measure the incidence angle by varying these 
parameters in a trial-and-error procedure until the simulated pattern matches the experimental one.     
4. Raman criteria for the index assignment of individual nanotubes 
Resonant Raman spectroscopy (RRS) is the other powerful method for the probing and 
indexation of carbon nanotubes [57]. RRS has been extensively used for the characterization of 
bulk samples of individual SWNTs on the basis of pattern recognition and comparison between 
experimental and calculated optical transition energies [24,25]. On the other hand, Raman criteria 
of assignment of the structure of SWNTs based on the features of the main Raman-active modes, 
namely the radial breathing modes (RBM) and G modes, have been established from 
measurements performed on index-identified free-standing SWNTs (see Ref. [38] for details). 
First, we revisit these Raman criteria and discuss their accuracy [27,28,38]. Thereafter, concerning 
the assignment of the structure of each layer of a DWNT, we report recent Raman results obtained 
on index-identified DWNTs. On this basis, we propose different criteria, which help to index-
assign the layers in DWNTs. 
4.1. Raman criteria for the assignment of single-walled carbon 
nanotubes  
In this part, we briefly revisit the most useful Raman criteria which can be used as 
information to assign the structure of SWNTs. These criteria are based on the dependence as a 
function of the diameter and chirality of the main features of RBM and G-modes, namely: the 
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frequency of the RBM, line shape and frequency of G modes, and the resonance conditions of both 
modes.  
4.1.1 The radial breathing mode range 
RBM is a Raman active mode where all carbon atoms move in-phase in the radial direction. 
RBM is a totally symmetric mode, belonging to the A1 (A1g) symmetry irreducible representation 
in chiral (achiral) SWNT. RBM appears at low-frequency (examples of RBM are shown on Figure 
5, left)  and its frequency, ωRBM(d), was found to be inversely dependent on the nanotube’s 
diameter. Several experimental ωRBM(d) relations have been established for individual SWNTs, 
and they all can be summarized by the generic formula [58]: 
 
𝜔 𝑅𝐵𝑀 =
227
𝑑
√1 + 𝐶𝑒 ∙ 𝑑2   (6) 
where Ce parameter is conventionally used to express different environmental conditions 
around the nanotube [58,59]. Note that several experimental papers have reported the 
relationships: 
𝜔 𝑅𝐵𝑀 =
𝐴
𝑑
+ 𝐵 
It should be emphasized that, in a limited range of diameters, the previous relations are 
equivalent.  
Different values of Ce, A and B have been experimentally obtained for various types of 
samples, as for examples in individual SWNTs dispersed in D2O and surrounded with a surfactant: 
A=214.4 cm-1 nm and B=18.7 cm-1 [24], or A=223 cm-1 nm and B=10 cm-1 [25]. 
More striking, different values of Ce were obtained from measurements on individual free-
standing, and then assumed as environment-free, SWNTs. Liu et al. experimentally find a value 
of Ce equal to 0 [60] in agreement with the theoretical predictions [61–64]. By contrast, a value of 
Ce = 0.065 nm-2 was derived from experiments performed on a series of individual free-standing 
index-identified SWNTs [26,65,66]. These two dependencies of the RBM frequency versus the 
nanotube diameter are summarized on the Figure 5.  
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Figure 5: (A): RBM region of Raman spectra measured on index-identified SWNTs. #1 – 
(27,4), #2 –(17,9), #3 –(10,10). Black dots are experimental data, red lines are Lorentzian fit. (B): 
Comparison between two relationships 𝜔 𝑅𝐵𝑀 (𝑑) established from measurements performed on 
individual free-standing index-identified SWNTs.  
These significant differences illustrate the high sensitivity of a free-standing SWNT on its 
environment. For a free-standing SWNT the environment is mainly the surrounding atmosphere. 
It was established recently that, at ambient conditions, water molecules can form a cylindrical 
adsorption layer around individual SWNT [67,68]. In experiments performed on individual free-
standing SWNTs at room temperature and in air, the vibrational coupling between the surrounding 
adsorption layer and individual SWNTs via van der Waals interaction is the most probable origin 
of the presence of a non-zero additional term (see Fig.3 of Ref.[67]).  
In summary, measurements of the RBM frequency can be used as a tool to estimate the 
diameters of individual SWNTs. However, the experimental conditions, including the 
environmental conditions, have to be precisely defined in order to make the right choice of the Ce 
coefficient in the expression (6).  The use of a bad ωRBM(d) relation has a dramatic consequence 
on the accuracy of the diameter measurements, especially at large diameters. For instance, 
considering the two extreme relations displayed on the Figure 5, for an experimental frequency of 
200 cm-1 the diameter is in the range 1.12-1.18 nm (average diameter: 1.15 ± 0.03 nm) and for a 
frequency of 100 cm-1 the diameter is in the range 2.25-2.77 nm (average diameter: 2.5± 0.3 nm). 
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By contrast, when the Ce coefficient is known, the estimation of the diameter of a SWNT via the 
measurement of its RBM frequency is straightforward.   
4.1.2 The G modes range 
The G modes of single-walled carbon nanotubes correspond to the totally symmetric 
tangential vibrations of carbon atoms originating from the iTO and iLO degenerated modes of 
graphene (E2g symmetry) [69]. G-modes are observed at high frequency, typically in the 1500-
1600 cm−1 range. In agreement with symmetry considerations [70], for a chiral SWNT two 
components (G+ and G-) of A1 symmetry are observed (Fig. 6A), while only one (A1g symmetry) 
for an achiral SWNT (Figure  3 of the Ref. [28]). 
The profile of each component strongly depends on the metal vs. semiconducting nature of 
the tube. In a chiral semiconducting SWNT, the profiles of both G modes are narrow and 
symmetric. They are described by a lorentzian line shape (Figure 6A, top). It is well established 
that the frequency of the G-  component, assigned to the TO G mode, strongly depends on the tube 
diameter [28]. The G+ component, assigned to the LO G mode, is located typically around 1590 
cm-1 for tube diameter in the 1.2 - 2.4 nm range [38,71]. In the case of chiral metallic SWNTs, the 
G- profile becomes broad and is usually represented by the Breit–Wigner–Fano (BWF) lineshape 
(Figure 6A, bottom)  [72]. The position of the broad low-frequency component depends on the 
diameter. The narrow high-frequency G+ component is observed typically around 1590 cm-1. The 
high- and low-frequency components are assigned to the TO and LO G modes respectively 
(opposite to the semiconducting nanotubes) [73,74]. Finally, in armchair and zigzag SWNTs a 
single component is Raman-active: the transverse optical (TO) and longitudinal optical (LO) G 
mode, respectively. 
Figure 6: (A) The profile of G modes for a chiral semiconducting (top) and a chiral metallic 
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(bottom) SWNT, (B) diameter dependence of the average frequency of TO mode in semi-
conducting SWNT (blue solid line) and that of LO mode in metallic SWNT (red line).   
The diameter dependence of the frequencies of the TO mode of semiconducting SWNT 
was derived from measurements on sorted SWNT suspensions with well-defined chirality [71]: 
𝜔𝑇𝑂(𝑑) = 1582 −
27.5
𝑑2
  (7) 
This relation is in good agreement with those found from measurements on individual free-
standing SWNTs [38].  
 On the other hand, the experimental diameter dependence of the frequencies of the LO 
mode of metallic SWNT (expression 8) fits very well with the one predicted by calculations 
[73,75]. 
𝜔𝐿𝑂(𝑑) = 1582 −
38.8
𝑑2
  (8) 
Both previous relations are plotted in Figure 6B. It should be emphasized, that these 
relations cannot permit to evaluate with a good accuracy the diameter of semiconducting and 
metallic SWNT, especially at large diameter. However, a fair agreement between measured and 
expected values for a given tube diameter should be found a posteriori to confirm the (n,m) 
assignment. Finally, one can notice that the equations (7) and (8) remain valid even when 
individual free-standing SWNTs are exposed to the different environments such as water 
molecules [68], since for this case mainly van der Waals interaction is expected between the 
molecules and the nanotube wall (contrary to the case where the nanotube is doped by charge or 
energy transfer). 
In summary, the number of components of the G band, measured in the (// //) polarized 
Raman spectrum, permits to identify the chiral or achiral character of an individual suspended 
SWNT (see Table 1). A number of components greater than two unambiguously identify the CNT 
as a bundle or a multi-walled nanotube. On the other hand, the measurement of a broad low-
frequency component unambiguously identifies the SWNT under investigation as metallic [28]. 
However, it must be emphasized that this later criterion fails in the case of metallic armchair tube 
for which only the TO mode is Raman-active. As expected for a TO mode, the corresponding 
component is narrow and symmetric.  
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Nanotube # of components G-band profile G- G+ 
Semiconducting  chiral 2 LO and TO: narrow & symmetric TO LO 
Metallic chiral 2 
LO: broad & 
asymmetric 
TO: narrow & 
symmetric 
LO TO 
Armchair 1 narrow and symmetric - TO 
Semiconducting zigzag 1 narrow and symmetric - LO 
Metallic zigzag 1 broad and asymmetric LO  
Table 1. Summary of the different G-band profiles depending on the nature of the single-
walled nanotubes (see text for details). 
Finally, it must be emphasized that quantum interference effects can lead to a drastic 
enhancement of one of the components (G- or G+) with regards to the other one and consequently 
to the bad assignment of the nature of the investigated nanotube (for instance, achiral instead of 
chiral) [76]. 
4.1.3 The optical transition energies 
The measurement of the complete Raman spectrum of individual carbon nanotubes is only 
possible when the laser energy EL is in resonance or quasi-resonance with one of the transition 
energies, Eii, of the nanotubes. This resonance condition allows us to evaluate with reasonable 
accuracy the transition energies of the single nanotube under investigation. The transition energies 
can be more precisely determined from the measurements of the resonant Raman excitation 
profiles (REP) [24,25,77,78].  
Concerning transition energies measured in SWNT, it was possible to define a normalized 
“Kataura” plot (Eii vs. d) [38,65] from the matching between experimental transitions energies, Eii, 
measured by the Raman resonance conditions on index-identified SWNTs, and the rigidly shifted 
[79,80] transition energies, ENTB, calculated within non-orthogonal tight-binding approach [81]. 
This normalized “Kataura” plot permits to predict the energy transitions of free-standing SWNTs 
measured in air (Figure 7). Consequently, when the Raman spectrum of an individual free standing 
SWNT is measured at a given laser excitation energy, the comparison with the transitions of the 
normalized “Kataura” plot permits to propose its most probable index assignments.  It is worth 
noticing that when several laser energies are used the accuracy of this index assignment is greatly 
improved.   
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Figure 7: Part of the renormalized “Kataura” plot (adapted from Ref. [79]). Sii (Mii) 
define the order of optical transitions energies Eii for semiconducting (metallic) SWNTs. 
4.2. Raman criteria for the assignment of double-walled carbon 
nanotubes 
A DWNT is a more complex system than a SWNT. However, it is also the simplest model 
to study the mechanical and electronic interactions between concentric carbon layers. The diameter 
of each layer as well as the inter-layer distance plays an essential role in the properties of DWNTs.  
The intrinsic features of Raman-active modes of DWNTs have been recently investigated 
from Raman experiments performed on index-identified DWNTs [31,33–36,82]. The effect of the 
interlayer distance on the strength of the mechanical coupling between the layers, and thus on the 
frequencies of the Raman-active modes, have been studied. By contrast with SWNTs, the relation 
between the frequencies of the Raman modes and the diameters of the constituting layers is not 
straightforward. Consequently, the establishment of Raman criteria based on the frequencies of 
the Raman modes is not easy, and, at this stage, only few Raman qualitative criteria can be 
proposed as the help to identify the structure of a DWNT. 
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4.2.1 The radial breathing-like mode range  
In individual double-walled carbon nanotubes, two modes are observed in the low-
frequency range. They were assigned to in-phase and out-of-phase radial collective breathing 
vibrations of the constituent SWNT layers and called radial breathing-like modes (RBLM). Their 
frequencies depend on the mechanical coupling between the inner and outer tubes [29,34].  It was 
shown experimentally [31,34] that an up-shift of both in-phase and out-of-phase RBLM in 
comparison with RBMs of individual constituent SWNTs is expected. More importantly, it was 
established that the shift depends not only on diameters, but also on the inter-layer distance 
between concentric layers.  
Figure 8 summarizes the dependence of the RBLMs on diameter and interlayer distance 
recently obtained from measurements on index-identified DWNTs. It is confirmed that RBLMs 
are upshifted with respect to the RBMs of the constituent SWNTs (the values of the shifts are 
given in parentheses in the Figure 8). On the other hand, we clearly observe that: (i) for close inter-
layer distances, both RBLM downshift when the average tube diameters increase (Fig. 8, vertical 
direction); (ii) for close average tube diameters, and an interlayer distance larger than 0.335 nm 
(close to the equilibrium distance in graphite), the out-of-phase RBLM downshifts when the 
interlayer distance increases (Fig. 8, horizontal direction). 
 
Figure 8: RBLM region of the Raman spectra of different DWNTs. (vertical direction) 
diameter dependence of the RBLM for DWNTs with close inter-layer distances: #1–
(15,9)@(22,12), #2–(18,2)@(20,12), #3 –(10,9)@(18,11); (horizontal direction) inter-layer 
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distance dependence of the RBLM for DWNTs with close average diameters: #2–(18,2)@(20,12), 
#4 – (13,9)@(24,7), #5 – (14,8)@(19,14). The shifts of the RBLM with respect to the RBM 
frequencies of constituent SWNT are given in parentheses. 
Opposite to SWNTs in which a single and direct relationship between RBM frequencies 
and diameters has been established, such relation does not exist for RBLM in DWNTs.  
Different models of van-der-Walls coupled harmonic oscillators were developed in order 
to predict the dependence of the RBLM frequencies on the diameters of the inner and outer layers, 
associated to a given inter-layer distance [34,64].  
In the simplest approach, using the notations of Liu and co-workers [34], the frequencies 
of the in-phase (ZL) and out-of-phase (ZH) RBLMs are given by: 
        𝜔𝐿 =
1
2𝜋𝑐
∙ 𝜔𝑐 ∙ √
1
2
[(𝑧1 + 𝑧2) − √(𝑧1 − 𝑧2)2 + 4]  (9a) 
         𝜔𝐻 = 12𝜋𝑐 ∙ 𝜔𝑐 ∙ √
1
2
[(𝑧1 + 𝑧2) + √(𝑧1 − 𝑧2)2 + 4]             (9b) 
where  𝑧1 = 𝜔𝑖
2
𝜔𝑐
2 + √
𝑚𝑜
𝑚𝑖
 , 𝑧2 = 𝜔0
2
𝜔𝑐
2 + √
𝑚𝑖
𝑚𝑜
  , 𝜔𝑐2 = 𝑘𝑐√𝑚𝑖𝑚𝑜 , 𝜔𝑖
2 = 𝑘𝑖
𝑚𝑖
 ,  𝜔𝑜2 = 𝑘𝑜𝑚𝑜,  
mi and mo are inner-layer and outer-layer unit-length mass respectively and they are determined 
from the knowledge of the diameters of inner and outer SWNTs which are directly related to their 
chiral indices (ni,mi) and (no, mo) respectively. The unit-length  intrinsic force constant ki (ko) for 
inner (outer) constituent SWNT can be accurately determined from the individual radial breathing 
mode (RBM) frequency-diameter relationship. It should be emphasized that in order to derive ki 
(ko) the RBM frequency-diameter relations adapted to the experimental environment of each layer 
have to be used (see 4.1.1. paragraph). For instance, in [34]  both ωi  and ωo are given by ωi(o) 
=228/di(o)(nm). In [31], the frequency of the RBM of the inner tube is given by ωi =228/din(nm) 
and that of the outer tube by ωo =228 /dout (nm) (1+Cedout2)1/2 , with Ce=0.065 nm-2 arising from 
the interaction of the outer-wall with the ambient atmosphere.  
The only unknown parameter in equations 9a and 9b is the unit-length  coupling force 
constant, kc, which characterizes the van-der-Waals interaction between the two concentric carbon 
layers. For any given DWNT, defined by a couple of diameters (do, di), one can reproduce the in-
phase (ωL)  and the out-of-phase (ωH) RBLM frequencies by using a single value of kc. The unit-
length  coupling force constant, kc, can be approximated using the average unit-area inter-layer 
van-der-Waals potential Uvdw as:  
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𝑘𝑐 =
𝜕2𝑈𝑣𝑑𝑤
𝜕𝑟2
 𝜋 
(𝑑𝑜𝑢𝑡 + 𝑑𝑖𝑛 )
2
                                 (10) 
  
where (∂2Uvdw/∂r2) is the unit-area force constant.  
The dependence of (∂2Uvdw/∂r2) on the inter-walls distance was first established by Liu et 
al. from measurements on index-identified DWNTs [34] and recently completed [35]. This 
dependence is displayed in Figure 9 (adapted from the Figure 3d of Ref. [34]).  
 
Figure 9: Unit-area force constant, ∂2Uvdw/ ∂r2, owing to tube–tube van-der-Waals 
interaction. Open dots are experimental data from [34]; diamonds are experimental data from 
[35]. The red line is a polynomial expression which fits the dependence of van der Waals 
interaction between unit-area graphene sheets under pressure obtained from compressibility 
measurements of graphite (Ref  [83]) and extrapolated for distance larger than 0.34 nm. 
On Figure 9, the values of ∂2Uvdw/∂r2 derived from the fits of the RBLM frequencies of 
index-identified DWNTs (Figure 9, symbols) are compared with a polymonial expression which 
fits the van der Waals interaction between unit-area graphene sheets under pressure obtained from 
compressibility measurements of graphite (Ref  [83]) and extrapolated for distance larger than 0.34 
nm (red line in Figure 9). The two dependencies agree well [34,36,82]. This agreement permits to 
use the polynomial expression to predict the value of kc for individual DWNTs for which din, dout, 
and then the inter-layer distance, Gr=dout - din)/2, are known.  
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It is important to emphasize that this comparison also permits to associate a given value of 
interlayer distance, δr, to an effective pressure between the layers: an interlayer distance larger or 
smaller than 0.34 nm leads to an effective negative or positive pressure between the layers [34,84]. 
Negative (positive) pressure means that the inner-outer interaction causes a slight contraction 
(expansion) of the outer tube concomitant with the expansion (contraction) of the inner tube. It can 
be emphasized that the effective pressure (positive or negative) between the tubes reaches 
gigapascals owing to variations in the wall-to-wall distance [34].  
From the knowledge of the dependence of kc on δr, we can calculate and plot the RBLM 
frequencies as a function of the diameter of inner (outer) layers for different interlayers distances 
(Figure 10). As expected, RBLM are upshifted with respect to the RBM of the constituent SWNTs  
(see also Figure 3b and 3c in [34]), and the RBLM frequencies decrease with increasing diameter 
of inner (outer) layers. These plots illustrate the strong sensitivity of the RBLM frequencies on the 
inter-layer distance for the same inner (outer) nanotube diameter. Hence, they are the keys to derive 
the diameter of the inner and outer tubes of a DWNT from the knowledge of its experimental 
RBLMs.  
 
Figure 10: Frequencies of the in-phase (ωL) and out-of-phase (ωH) RBLM as function of 
the diameter of the outer (A) and inner (B) layer for different interlayer distances, Gr. In these 
plots, the following relationships between the RBM frequency and the diameter of inner and outer 
SWNT are used:  𝜔 𝑖 = 228𝑑𝑖𝑛  and 𝜔 0 =
228
𝑑𝑜𝑢𝑡
√1 + 𝐶𝑒 ∙ 𝑑𝑜𝑢𝑡
2, with Ce=0.065 nm-2 
4.2.2 The G modes range 
Depending on the chiral or achiral character of each constituent SWNT, one expects to 
observe 4 (chiral@chiral), 3 (chiral@achiral or achiral@chiral) or 2 (achiral@achiral) components 
in the (// //) polarized Raman spectrum measured on an individual DWNT. However, it must be 
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emphasized that some components can appear at close frequencies and thus cannot be 
experimentally resolved. Consequently, the number of observed components can be less than the 
one predicted for different configurations.  
 
Figure 11: (vertical direction) The dependence of the G modes on the electronic 
configuration of DWNT: #1 – (12,8)@(16,14) (SC)@(SC), #2 – (14,8)@(19,14) (M)@(SC) , #3 – 
(14,1)@(15,12) (SC)@(M); (horizontal direction) the dependence of the G modes on the inter-
layer distance δr: #4 – (13,9)@(24,7), #5 – (22,11)@(27,17). The shifts of the G modes of the 
inner tube with respect to the G modes of the related individual SWNTs are given for three 
semiconducting DWNTs: #1, #4 and #5 (dashed vertical lines). 
In Figure 11, we report and compare the profile of G modes measured on index-identified 
(SC@SC), (M@SC), and (SC@M) DWNTs. By this way, we clearly establish that, as in SWNTs, 
the profile of G+ or G- component of each layer is broad (narrow) when the layer is metallic 
(semiconducting). In consequence, the observation of broad component identifies unambiguously 
the presence of a metallic layer in the DWNT under investigation. This qualitative argument will 
be used to rule out different possible assignments provided by electron diffraction. 
Recently the dependence of the G-modes frequencies on the diameter and inter-layer 
distance in SC@SC DWNTs  was reported [35]. Figure 12 indicates that the TO (G- component) 
and LO (G+ component) frequencies of the inner and outer layer shift significantly in 
semiconducting DWNTs with respect to the frequencies of the same modes in each constituent 
SWNT. The direction and values of the shift depend on the inter-layer distance [35]. Especially, 
as shown in Figures 11 and 12, the shift of the G modes of the inner layer with respect to the G 
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modes of the related SWNT increases with the inter-layer distance. This shift is due to the negative 
effective pressure experienced by the inner and outer nanotube which occurs when the inter-layer 
distance is larger than the equilibrium distance evaluated at 0.335 nm in DWNT (close to the inter-
layer distance in graphite, 0.34 nm) [35]. Indeed, the negative pressure is associated with the 
structural relaxation leading to an expansion of the inner layer. This expansion is the main origin 
of the softening of the G modes of the inner layers.  Consequently, for SC@SC DWNT, the 
position of the G modes can be used a posteriori to confirm the value of the inter-layer distance. 
Up to now, no equivalent studies concerning the dependence of the G modes for the other 
electronic configurations of DWNTs have been performed. 
 
 
Figure 12: The relationship between G-modes shift and inter-tubes distance established 
from measurements on index identified SC@SC DWNT (adapted from Ref.  [35]).  
4.2.3 The optical transition energies 
The measurement of the complete Raman spectrum of an individual DWNT is only 
possible when the laser energy EL is in resonance or quasi-resonance with one of the transition 
energies, Eii, of inner or outer layers.  
Concerning DWNTs, a shift of the transition energies assigned to the inner and outer layers 
with respect to the corresponding transition energies of the individual constituent SWNT was 
measured [29]. The magnitude and the direction (up- or downshift) of the shift ranges from -200 
meV to +50 meV depending on the chiral structure of the DWNT.  Consequently, the best 
matching of the resonance transitions estimated or measured by Raman spectroscopy on a given 
DWNT with those expected for the constituent SWNT may provide an additional help to identify 
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the inner and outer layers. However, the uncertainty of about 100 meV must be accounted for when 
using a SWNT resonance chart. Finally, similar to SWNTs the other environmental effects like 
dielectric screening may also shift slightly (tens of meV) the transitions energies in DWNTs. 
 In summary, the information provided by Raman experiments concerning the frequencies 
of the radial breathing modes, the line shape and position of the G modes and the transition 
energies can be used to assign the structure of a carbon nanotube. However, an unambiguous index 
assignment from Raman data alone should be considered with an extreme care. We show in the 
next section how the Raman information can be very useful in the DWNT assignment when the 
electron diffraction fails to identify the structure. 
5. Combining electron diffraction and Raman spectroscopy for the index 
assignment of individual nanotubes 
In this part, we discuss the limits of the diffraction methods in some specific situations and 
we show how the Raman information can help to assign (n,m) indices of the nanotubes. In order 
to illustrate the application of the EDP treatment methods mentioned in Section 3 we recorded 
high-resolution transmission electron microscopy images and electron diffraction patterns on 14 
individual single-walled and 17 individual double-walled, having different diameters and chiral 
angles. Multiple EDP and HRTEM images were measured on every individual nanotube. In the 
following, we focus on the analysis of the ED patterns measured on an individual single-walled 
and two individual free-standing double-walled carbon nanotubes (see Fig. 13 and Fig. 15).   
5.1. Single-Walled Carbon Nanotubes 
The EDP recorded on the CNT of the Figure 13, clearly identified as a single-walled carbon 
nanotube from its HRTEM image (Figure 13, left), is shown on the Figure 13, right. The tube is 
long and homogenous, which was proved by several measurements of the EDP and HRTEM 
images in different areas along the nanotube. The following parameters were measured from the 
diffraction pattern: δ = 16 ± 2 pixels: d1 = (50 ± 2) pixels, d2 = (120 ± 2) pixels, d3 = (171 ± 2) 
pixels; for the third layer-line one finds P1 = (74 ± 2) pixels, M1 = (110 ± 2) and Δ12 = (25 ± 2) 
pixels.  
Once calibration of the diffraction pattern is established, we get from the first method θ = 
(12.9 ± 0.2) ° and d = (2.3 ± 0.5) nm. Taking into account uncertainties of d and θ, we are able to 
propose the following assignments: (i) assuming the tube is semiconducting: (20,6), (23,7), and 
(29,9), (ii) assuming the tube is metallic: (26,8) and (30,9) SWNTs. Interestingly, following the 
second method the analysis of the radial oscillations of the third layer lines gives m = 4. 
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Considering m/n = 0.3213 (from eq. (2)), this leads to n = 12. Thus, the application of the second 
method gives a (12, 4) SWNT as a possible candidate. This is very far from the five (n,m) indices 
established by the first approach. The reason for this discrepancy is related to the high-sensitivity 
of the layer-line intensity distribution to the tilt of the nanotube. Finally, the estimation of the (n, 
m) from the intrinsic layer lines (method 3) gives n = 25.22 and m = 7.7. If we don’t consider the 
tilt-effect, we get (25,7) SWNT. However, by measuring the tilt angle, we find τ = 25° and the tilt-
corrected (n,m) value is (23,7). 
 
Figure 13. HRTEM micrograph (left) and electron diffraction pattern (right) of a chiral 
single-walled carbon nanotubes, analyzed in this work. 
As indicated in table 2, the analysis of the ED pattern of this specific SWNT performed by 
using three different methods, is only able to propose four possible assignments, namely: (12, 4), 
(20,6), (23,7), and (29,9) if this tube is semiconducting, and 2 possible assignments, namely: (26,8) 
and (30,9), if the tube is metallic. However, it must be pointed out that the (23,7) assignment is the 
only one that is derived from two distinct methods.   
 
Method 1 Method 2 Method 3 
Exp. values #  Exp.values #  Exp. values #  
1 d = (2.3 ± 0.5) nm  θ = (12.9 ± 0.2)° 5 
(m/n)i = 0.3213 ±  
nin= 4  1 
ni = 25.22 ±   
mi = 7.70 ±  1 
Table 2. The possible assignments of a SWNT derived from the electron diffraction. The 
number # of possible indices found by the different methods is indicated (see text for details). 
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Raman measurements were performed at different excitation energies and the 
corresponding spectra close to the incident resonances, namely EL=1.66 eV, 2.21 eV and 2.71 eV  
and close to the outgoing resonance for the G-modes, EL=1.83 eV, are shown on Figure 14. 
Concerning the structure of the SWNT under investigation, the information states by Raman are: 
(i) From the RBM frequency, located at 128.5 ± 3 cm–1, its diameter is estimated as 2.01 ± 0.06 
nm by applying the relation (6) and using Ce=0.065 nm-2. Obviously, this diameter is in the range 
suggested by ED (except for method 2). (ii) From the G-band profile, we can infer that this single-
walled nanotube is semiconducting and chiral. (iii) From the Raman resonance conditions, 
transition energies close to 1.66 eV, 2.21 eV and 2.71 eV are identified.   
 
Fig. 14. (left) RBLM part and G-mode part of the Raman spectra of an individual SWNT 
measured at different excitation wavelengths: 457 nm (2.7eV), 561 nm (2.21 eV), 679 nm (1.83 
eV) and 745 nm (1.66 eV); (right) Index-assignments of the possible semiconducting SWNT located 
in the diameter range 1.7-2.8 nm. The grey area represents the chiral angle range derived from 
the analysis of the electron diffraction pattern of the SWNT under investigation. Vertical line 
indicates the diameter measured from EDP. Triangle and diamond symbols represent SC SWNTs 
and solid dots M SWNTs. 
In order to assign the (n,m) indices of this tube, we gather the TEM-ED and Raman 
information on the graph of the Figure 14 (right). On this graph, the chiral angle is set from the 
value measured by electron diffraction with an error bar of ± 0.2° and corresponds to the grey area. 
The vertical line indicates the average diameter of nanotube derived from electron diffraction. Due 
to the poor accuracy in the evaluation of diameter by ED, we consider a broad range of error bar, 
± 0.5 nm.  
Among all the possible semiconducting candidates, the RBM frequency and the theoretical 
value of the chiral angle of only one semiconducting SWNT, namely the (23,7), are in the closest 
agreement with the RBM frequency measured by Raman and with the chiral angle derived from 
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EDP. In addition, the comparison of three experimental transition energies with those 
calculated/measured in Ref. [21,79] are only in good agreement for the (23,7) SWNT and fails for 
the other possible candidates. Consequently, we conclude that the most probable assignment for 
this single-walled nanotube is (23,7). It must be emphasized that this assignment corresponds 
perfectly with the results made by the third method of EDP treatment.  
 
Transition 
energies of the 
(23, 7) SWNT 
Experimental 
resonance 
energies 
Ref. 
[38,65] 
Ref. 
[21] 
E33 (eV) 1.66 eV 1.72 1.69 
E44 (eV) 2.21 eV 2.21 2.23 
E55 (eV) 2.71 eV 2.58 2.57 
Table 3. Experimental and calculated optical transition energies Eii. 
5.2. Double-Walled Carbon Nanotube 
Figure 15A shows the EDP and HRTEM image of a long CNT, clearly identified as a 
double-walled carbon nanotube (DWNT1) from the HRTEM image (Figure 15A, left). Due to its 
high quality, the analysis of the HRTEM image permits to evaluate with a good accuracy the 
diameter of each layer: dout = 3.2 ± 0.3 nm and din = 2.5 ± 0.3 nm.  
 
Figure 15. HRTEM micrographs and electron diffraction pattern of two chiral double-
walled carbon nanotubes, analyzed in this work. (A) DWNT 1 and (B) DWNT 2 (see text) 
We now follow the procedure established in the Section 3 and report all the possible 
information from the EDP. First, the principle layer-lines are grouped in two sets according to the 
zone method and conjugation principle: 𝑑1𝐴 = (42.0 ± 0.7) pixels, 𝑑2𝐴  = (168.0 ± 0.7) pixels, 𝑑3𝐴  = 
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(210.0 ± 1.4) pixels and 𝑑1𝐵  = (28.3 ± 0.7) pixels, 𝑑2𝐵  = (176.2 ± 0.7) pixels, 𝑑3𝐵  = (206.0 ± 1.4) 
pixels. By comparing relative intensities of 𝐿3𝐴 and 𝐿3𝐵 , and 𝐿2𝐴 and 𝐿2𝐵 layer lines, we find that set 
B correspond to the outer layer, while set A to the inner. From the equatorial line oscillations of 
the EDP we find E = (126 ± 2.0) pixels and e = (17.25 ± 0.35) pixels. Finally, since the signal-to-
noise ratio is sufficiently high for the EDP of this DWNT, we are able to measure the peak 
separation of principle layer-lines in the radial direction. The intensity distribution of the 𝐿3𝐴 layer-
line gives 𝑃1𝐴 = (148 ± 2) pixels, 𝑃2𝐴  = (218 ± 2) pixels, 𝑀1𝐴 = (189 ± 2) pixels, Δ12 = (27 ± 2) 
pixels. Consequently, the following ratios were established: 𝑅1 = 𝑃2𝐴/𝑃1𝐴   = 1.473 ± 0.026; 
𝑅2 = 𝑃1𝐴/∆12 = 5.481 ± 0.438; 𝑅3 = 𝑀1𝐴/∆12 = 7 ± 0.556. The intensity distribution of the 𝐿2𝐴 
layer-line gives 𝑅1  = 1.253 ± 0.011; 𝑃1𝐴/∆12 and 𝑀1𝐴/∆12 are not established due to the unresolved 
Δ12.  Finally, the intensity distribution of the 𝐿3𝐵 layer-line provides R1 = 1.310 ± 0.020, R2 = 7.652 
± 0.712 ; R3 = 9.087 ± 0.843. And for 𝐿2𝐵 one has R1 = 1.240 ± 0.012. Again, R2 and R3 in this case 
are not established due to the unresolved Δ12. All the uncertainties were calculated using the 
principle of error propagation.  
We now apply three distinct methods, mentioned above, and find all the possible (n,m) 
candidates for this DWNT. Following Method 1, we find <d>= 3.0 ± 0.4 nm and δr = 0.42 ± 0.05 
nm (see expression 4) or equivalently dout= 3.4 ± 0.4  nm and din= 2.6 ± 0.4  nm. The two chiral 
angles were established from relation (1): θout = 22.4 ± 0.4° and θin = 19.1° ± 0.4°. Combining 
diameter and chiral angle values for two constituent layers and taking into account the 
corresponding uncertainties, we obtain the following combinations: (22,11)@(27,17), 
(26,13)@(30,19) if both layers are semiconducting, and (24,12)@(29,18), (26,13)@(31,19), 
(28,14)@(32,20) if one of the layers is metallic. Overall, Method 1 provides five distinct 
combinations (see Table 3). 
From the comparison between theoretical and experimental R1, R2 and R3 following 
Method 2, one finds for 𝐿3𝐴 layer line m = 8 (on the basis of R1), m = 8 and 9 (R2), m = 9 and 10 
(R3). The 𝐿2𝐴 layer-line gives n = 19, 20 (R1). We then calculate all possible combinations of n, m: 
(20,8), (19,8), (19,9), (20,9), (20,10) and (19,10). However, if we compare m/n for each of this 
combinations with the experimental value of (𝑚/𝑛)𝐴 = 0.500 ±  0.013 (eq. (2)), we find, that 
only CNT (20,10) with m/n = 0.500 is compatible. The second set of layer lines provides the 
following indices for the outer layer: m = 13, 14, 15 (R1), m = 13, 14, 15, 16 (R2), m = 13, 14, 15, 
16 (R3); n = 20, 21, 22 (R1). Keeping in mind the experimental (𝑚/𝑛)𝐵 = 0.624 ±  0.016 only 
(22,14) with 0.6364 and (21,13) with 0.6190 are possible. Consequently, the application of the 
second method gives (20,10)@(22,14) and (20,10)@(21,13) as possible candidates. However, 
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these candidates are completely unrealistic due to the very small interlayer distance: 𝛿𝑟 = 0.195 
nm and 0.128 nm, respectively. The problem with this index assignment can be due to the 
following reason: layer-line intensity distribution is very sensitive to the tilt of the nanotube to the 
incident beam. As was shown by Jiang et al. [51], at high tilt-angles the method of Bessel function 
analysis fails completely.  
At last, using the third method we can estimate n and m directly from the “intrinsic layer 
lines” by equations (5): ni = 22.862 ± 0.607 and mi = 11.431 ± 0.328; no = 28.159 ± 0.618 , mo = 
17.577 ± 0.399. First, if we don’t consider the effect of the tilt, we get (22,11)@(28,17) or 
(23,11)@(28,17) as the indices of the DWNT. However, by accounting for the non-zero tilt, we 
can find following combinations: (22,11)@(27,17) with τ ≈ 16°; (20,10)@(25,15) with τ ≈ 29° and 
(18,9)@(23,14) with τ ≈ 38°. The last one can be discarded due to unreasonably high tilt. Hence, 
the tilt-corrected combinations are (22,11)@(27,17) and (20,10)@(25,15). In summary, the 
analysis of the ED pattern of this specific DWNT performed by three different methods, allows us 
to propose eight possible distinct candidates (Table 4). 
The ED pattern of the second double-walled carbon nanotube (DWNT 2) is shown in the 
Fig. 15B (right). The tube is long and homogenous, which was proved by several measurements 
of the EDP and HRTEM images in different areas along the nanotube. It should be noted, that the 
layers of this DWNT have close chiral angles, so the analysis of the radial intensity distribution 
using Method 2 is not possible. The results of the index-assignment are summarized in Table 4.  
 
 
Method 1 Method 2 Method 3 
Exp. values #  Exp.values #  Exp. values #  
DWNT 1 
din = (2.6 ± 0.4) nm  
dout = (3.4 ± 0.4) nm 
θin = (19.1 ± 0.4)° 
θout = (22.4 ± 0.4)° 
5 
(m/n)in = 0.500 ± 0.013 
(m/n)out = 0.624 ± 0.016  
nin=8-10  
min=19-20 
nout= 20-22  
mout=13-15 
2 
ni = 22.862 ± 0.607  
mi = 11.431 ± 0.328  
no = 28.159 ± 0.618 
mo = 17.577 ± 0.399 
2 
DWNT 2 
din = (2.17 ± 0.66) 
nm 
dout = (2.97 ± 0.66) 
nm 
θ = (21.14 ± 0.83)° 
13 
m/n = 0.380 ± 0.023 
Layer-lines overlapped 
(Method not applicable) 
- 
ni = 14.366 ± 2.296 
mi = 5.456 ± 0.901 
no = 23.043 ± 2.316 
mo = 8.752 ± 0.952 
2 
Table 4. The results of EDP analysis of DWNT 1 and DWNT 2 (see text). 
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It is clear that electron diffraction does not permit to determine unambiguously the index-
assignment of the layers of these two DWNTs. As expected, Raman information permits to exclude 
some of the possible candidates.  
DWNT 1: The RBLM part and G-mode part of the Raman spectra measured at different 
excitation energies, are displayed in Figure 16. 
  
Figure 16: DWNT 1: The RBLM part and G-mode part of the Raman spectra measured at 
different excitation energies. 
The in-phase and out-of-phase modes are located at 98 ± 3 cm–1 and 121 ± 3 cm–1, 
respectively. By using modelisation detailed in Section 4.2.1, we plot in the Figure 17 the 
calculated iso-frequency curves corresponding to the experimental ωL (98 ± 3 cm–1) and ωH (121 
± 3 cm–1) RBLMs as a function of nanotube diameter and inter-wall distances. From these curves, 
we can estimate the diameters of the inner and outer tubes at 2.24 ±0.1 nm and 2.96 ±0.1 nm, 
respectively. As expected, both diameters are in the range predicted by electron diffraction. The 
average inter layer distance is estimated close to 0.36 nm with an error bar of ±0.03 nm. It must 
be emphasized the error bars of diameters and interlayer distance are smaller that the ones derived 
from ED. This later point emphasizes the efficiency of the Raman spectroscopy, associated to a 
modelisation of the RBLM frequencies, to derive information on diameters and interlayer distance 
in DWNT. 
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Figure 17: Iso-frequencies RBLM curves as a function of the diameter of inner (left) or 
outer (right) layer and interlayer distance Gr. 
 
On the other hand, the absence of broad components in the G-band indicates that both 
layers of the DWNT under consideration have a semiconducting character. Finally, by analyzing 
incident and outgoing resonance conditions (see Figure 16) and two additional resonant Raman 
excitation profiles (measured between 1.92 - 2.18 eV and 1.50 – 1.75 eV, not shown in Fig. 16) of 
RBLMs and G-band, we estimated the values of transition energies to be at 2.54, 2.03, ~ 1.80 and 
1.60 eV. 
In order to determine the (ni,mi)@(no,mo) indexes of this DWNT, we plot the ED and 
Raman-derived information on the Figure 18. In particular, blue and red horizontal lines 
correspond to the two average chiral angles obtained from the electron diffraction (uncertainly of 
0.2°). The inner (bottom) and outer (top) diameter scales are centered around the average diameter 
values derived from ED and HRTEM. Additionally, they are aligned to have an interlayer distance 
of 0.36 nm, which was previously established from iso-frequency curves. Finally, the solid 
symbols indicate all possible (ni,mi)@(no,mo) obtained from electron diffraction: circles 
correspond to the metallic layers, while triangles and diamonds to the semiconducting ones. In 
order to take into account the error of 0.03 nm on the interlayer difference derived by Raman, the 
error bar is applied to the diameter of the outer tube.  
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Figure 18: (a) Possible inner and outer layers constituting DWNT 1 from its EDP analysis.  
To determine the possible assignments, we consider all SC@SC DWNT which have 
diameters in the ranges derived from ED and Raman. The possible assignments can be visually 
determined by looking for a couple of (n,m) (one in the bottom and one in the top part of the graph) 
which are vertically aligned and falls within the ±0.03 nm error bar range of the interlayer distance. 
For the DWNT under investigation, only the (22,11)@(27,17)  is compatible with all the previous 
criteria. Notice that electron diffraction proposes two (out of total five) possible semiconducting 
assignments, namely: (22,11)@(27,17), (26,13)@(30,19). Obviously, the assignment provided by 
taking into account the Raman information is one of those predicted from electron diffraction.  
DWNT 2: The assignment of the second DWNT (DWNT 2) is detailed below. In the Figure 
15B, we show the high-resolution and the EDP of the nanotube. The analysis of the EDP provides 
following values for the chiral angles: 20.3 ± 0.2° and 21.6 ± 0.2°. From the TEM image and the 
EDP the diameters of inner and outer tubes are estimated as 1.65 ± 0.5 nm and 2.3 ± 0.5 nm, 
respectively.  
Raman measurements were performed at different excitation wavelengths and 
representative spectra are shown in Figure 19. From the G-bands line-shape at 2.71 eV and 2.41 
eV, we can infer that the inner (outer) layer of this DWNT is chiral metallic (chiral 
semiconducting). The in-phase and out-of-phase RBLM are observed at 120 cm-1 and 157 cm-1, 
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respectively. Using the previously presented procedure, we can derive: i) the diameters of the inner 
and outer layers which are, respectively, 1.7±0.1 nm and 2.4±0.1 nm and ii) the inter-layer 
distance: 0.34±0.03 nm.  
 
Figure 19. DWNT 2: The RBLM part and G-modes part of Raman spectra measured at 
different excitation energies. 
By considering all the possibilities of (ni,mi)@(no,mo) reported on Figure 20, we propose 
to assign this DWNT as (15,9)@(22,12). The theoretical values of the diameters and interlayer 
distance of the (15,9)@(22,12) DWNT are in good agreement with those derived from the analysis 
of the Raman and ED data.  
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Figure 20. Plot of the chiral angles as function of diameters for inner (bottom-left scale) 
and outer layers (top-right scale) for DWNT 2. The horizontal black line represents the same chiral 
angles of both inner and outer layers as identified from electron diffraction (see text). 
6. Beyond SWNTs and DWNTs. 
A triple-walled carbon nanotube (TWNT) is a coaxial composite of three SWNTs which 
interact with each other by weak van der Waals forces. A HRTEM image of an individual free-
standing TWNT is shown on the Figure 21. The TWNT is fully defined by chiral indices (ni, 
mi)@(nint,mint)@ (no,mo) of each coaxial layer (inner, intermediate and outer layers respectively). 
Depending on the semiconducting or metallic character of each layer, TWNT present eight 
different electronic configurations, namely: SC@SC@SC, SC@SC@M SC@M@SC, 
M@SC@SC, M@M@SC, SC@M@M, M@SC@M and M@M@M. 
From a fundamental point of view, the interest to study individual free-standing TWNTs is 
multiple: (i) Determination of their intrinsic properties, including optical and vibrational 
properties, (ii) Investigation of the intrinsic inter-tube interactions occurring in DWNT since the 
outer concentric nanotube shields the two inner nanotubes from external environmental influences, 
(iii) Unrolled TWNT can be view as a triple layer graphene ribbon, a material with outstanding 
properties.  
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Figure 21: The HRTEM image (left) and electron diffraction pattern (right) of the triple-
walled carbon nanotube investigated by combining ED and Raman spectroscopy. Labels 𝐿1𝐴, 𝐿2𝐴 
and  𝐿3𝐴 indicate layer-lines, that correspond to θ = 7.2° (see text for details). 
 In principle, the chiral indices of each layer of a TWNT, (ni, mi),(nint, mint) and (no, mo) 
respectively,  can be derived from the analysis of its diffraction pattern (Figure 21, right). The 
analysis of the EDP is similar to the double-walled case (see Section 3 for details), except one 
needs to consider the third set of layer-lines. The main difficulty arises from the analysis of the 
equatorial line, which cannot be described by a simple analytical relationship suitable for the 
extraction of the diameters of the constituent layers. In this case, one needs to provide a high 
quality HRTEM image to roughly estimate the layers’ diameters. 
Similar to DWNTs, the Raman information can greatly contribute to the structure 
identification of TWNTs. However, up to now, no investigation of index identified TWNTs has 
been performed by Raman spectroscopy, and, in consequence, only qualitative Raman arguments 
can be given to help at the index-assignment of TWNTs. Raman spectra of TWNTs have been 
recorded only on bundles of TWNTs and on few individual TWNTs deposited on a silicon 
substrate (see for instance, the Ref. [85]). The individual TWNT investigated in Ref. [85] were 
prepared through high-temperature treatments of the peapods fullerenes inside of diameter-
enlarged CVD grown DWNT. This method is known to provide inner nanotubes with diameter 
close to 0.7 nm [86]. These studies mainly focus on the dependence of the innermost tube RBM 
on its metallic or semiconducting character. In particular, the metallic innermost tube is considered 
to be more isolated from the intermediate layer since its RBLM frequencies are located closer to 
the position of the RBM in the corresponding metallic SWNTs. On the other hand, the peaks of 
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semiconducting innermost tubes are always upshifted with respect to the RBMs in the 
corresponding semiconducting SWNTs.  
To illustrate the route for the indexation of individual TWNTs, we report and discuss the 
combined electron diffraction and Raman data recorded on the individual free-standing TWNT of 
the Figure 21.  
6.1 HRTEM and electron diffraction  
The high quality of the HRTEM image of the individual free standing TWNT allows us to 
evaluate with a relatively good accuracy (± 0.5 nm) the diameter of each layer. We found din = 4.5 
nm, dint = 5.2 nm and dout = 5.8 nm. From the quick glance at the EDP (Fig. 21 right) one can find 
6 layer-lines instead of 9, which indicates that two layers of the TWNT have the same chirality. 
The EDP treatment, following the procedure established in Section 3, gives the following chiral 
angles: 7.2 ± 0.3° and 21.5 ± 0.3°. The comparison of the relative intensities of the layer-lines 
clearly showed that 7.2° correspond to the single layer, while the other two layers have 21.5°. 
Additionally, analyzing radial oscillations of the L3 layer line (shown as 𝐿3𝐴 in Figure 21) , it was 
found that the single layer should have m = 7 or 8. Given m/n = 0.158 ± 0.006, we find 8 possible 
candidates for this layer: 5 semiconducting, namely: (44,7), (45,7), (49,8), (51,8), (52,8),  and 3 
metallic, namely: (43,7), (46,7), (50,8). The diameters of these candidates are closer to din = 4.5 
nm than to dint and dout, established from HRTEM, which  indicates that the single-chirality layer 
is the inner one. Finally, the (n,m) indices of the intermediate and outer layers were established by 
searching candidates with the following parameters: m/n = 0.588 ± 0.01, dint = 5.2 ± 0.5 nm and  
do = 5.8 ± 0.5 nm. 7 intermediate (n,m) indices: (50,29), (48,28), (46,27), (51,30), (44,26), (49,29), 
(47,28), and 8 outer indices: (57,33), (55,32), (53,31), (58,34), (56,33), (54,32), (52,31), (57,34) 
were found. From all these candidates 5 TWNT combinations can be proposed, if we assume 
interlayer distance to be δr > 0.32 nm: (50,8)@(46,27)@(52,31), (50,8)@(46,27)@(53,31), 
(51,8)@(46,27)@(52,31), (51,8)@(46,27)@(53,31), (52,8)@(47,28)@(54,32). The first three 
combinations have metallic layers, while the other two are purely semiconducting. 
6.2 Resonant Raman spectroscopy 
The Raman spectra of this individual free-standing TWNT were measured in a wide range 
of laser excitation energies (1.83 eV-2.71 eV). The spectra with the best signal to noise ratio have 
been measured at 2.41 eV and 2.18 eV and they are displayed in Figure 22. 
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Figure 22. Raman spectra measured at 2.41 eV (top) and 2.18 eV (bottom) on the individual 
TWNT identified by HRTEM and ED (see Figure 21). 
We first analyze the information provided by the features of the G modes (Figure 22, right). 
In agreement with the behavior established from experiments performed on index-identified 
DWNTs, the absence of a broad component in the G modes part of the Raman spectra recorded 
for a broad excitation range states that all the layers of the TWNT under investigation have a 
semiconducting character. Then, the seven configurations, in which at least one metallic layer is 
present (namely, M@SC@SC, SC@M@SC, M@M@SC, etc…), are ruled out, and the single 
remaining configuration for the TWNT under consideration is: SC@SC@SC. 
G modes are located at 1570, 1578, 1584 cm-1 and well fitted by considering a Lorentzian 
profile for each component, in agreement with the semiconducting character of each constituent 
layer. The relative intensities of the three components show a dependence on the excitation energy. 
On the basis of the behavior established for SWNTs [65] and with regards to the large diameters 
of the layers of the investigated TWNT, we can expect: (i) a close values (overlap) of the TO and 
LO mode of each layer, and (ii) a highest-frequency of the  G mode close to the one measured in 
trilayer graphene. The presence of a highest-frequency G mode located at 1584 cm-1 is in 
agreement with this assumption. It can be also noted that such a low frequency of the G+ 
component was also reported in Ref. [87]. By analogy with the behavior found for the G modes of 
the inner layers in DWNT, the two other peaks at 1578 and 1570 cm-1 can be tentatively assigned 
to the TO-LO modes of the intermediate and inner layers respectively.  As for the G modes of the 
inner layer in DWNT, the downshift of these both TO-LO G modes can be assigned to the effective 
pressure experienced by the intermediate and inner layers in TWNT.   
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The RBLM part of Raman spectra (Figure 22 left) excited at 2.18 eV show three RBLMs, 
as expected for an individual TWNT [88]. These peaks are located at 60, 84 and 107 cm-1 
respectively. All the RBLM lines have a very low-intensity certainly due to the large diameter of 
the constituent layers. Only the lowest- and highest-frequency RBLMs appear in the spectrum 
excited at 2.41 eV.  
As for DWNT, only the optical resonance of one layer is necessary to observe the response 
of a coupled system such as a TWNT [31,34].  Then, the presence of one, two or three RBLMs at 
a given excitation energy means that at least one constituent layer is in close resonance at this 
excitation energy. From the spectra of the Figure 22, for the TWNT under investigation we predict 
optical transitions, Eii, of constituent layers close to 2.41 eV and 2.18 eV. Resonance excitation 
profile (not shown) measured between 2.00 - 2.17 eV excitation range suggests another transition 
around  2.03 eV.  At this stage, it is impossible to assign precisely a transition to a specific layer.  
The RBLM frequencies are very different to those predicted for the constituent layers. 
Indeed, the RBM frequencies for SWNTs of diameters do = 5.8 nm, dint = 5.2 nm and di = 4.5 nm 
are expected close to 39, 44 and 51 cm-1 in strong disagreement with the experimental ones. The 
strong difference between the RBLMs and the corresponding RBM is amplified due to the large 
diameters of the layers in the TWNT under investigation.  
In TWNTs, the RBLM frequencies depend on the diameter of the layers and on the 
distances between two consecutive layers. Both distances, namely: outer-intermediate layer and 
intermediate-inner layer, define the van der Waals interactions and mechanical coupling between 
the layers.  Taking into account the van der Waals interactions, V. N. Popov and L. Henrard have 
calculated the features of the RBLMs of TWNTs with layers of armchair type and outer diameters 
ranging from 2 to 3.6 nm [88]. These calculations show that for small diameter TWNT, such as 
(5,5)@(10,10)@(15,15), the displacement pattern of each RBLM is characterized by motion of 
atoms of mainly one layer. For large diameter TWNT such as (15,15)@(20,20)@(25,25), the 
RBLMs are collective motions of all three layers. In this later situation, which corresponds to the 
one of the TWNT under consideration (large diameter of the constituent layers), the lowest-
frequency RBLM is an in-phase mode and the two other higher-frequency RBLM are of mixed 
character. The dependence of the frequencies of three RBLMs on the outer layer diameter ranging 
from 2 to 3.6 nm is shown in the Figure 5 of the Ref. [88].  The extrapolation of these calculations 
to the diameter of the outer layer close to 5.8 nm predicts the lowest-frequency RBLM at 47 cm-1, 
downshifted by 13 cm-1 with respect to the experimental frequency (60 cm-1). The relatively poor 
agreement between experiment and calculation means that more sophisticated models have to be 
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developed. These models will have to take into account explicitly the effects of two different 
interlayer distances on the RBLM frequencies.  
By combining ED and available Raman information, in particular the semiconducting 
character of the layers, we can reduce the number of possible candidates for the TWNT under 
consideration to two combinations: (51,8)@(46,27)@(53,31) or (52,8)@(47,28)@(54,32).  
7. Conclusions and Perspectives 
In this paper we reviewed the main results obtained by combining high-resolution 
transmission electron microscopy (HRTEM), electron diffraction (ED) and resonant Raman 
spectroscopy (RRS) measurements on individual free-standing single-walled (SWNT) and double-
walled carbon nanotube (DWNT). A special attention was focused on double-walled carbon 
nanotubes (DWNT).   
As reported and discussed in a first part of this paper, HRTEM and ED are the most 
powerful methods for the structure analysis at the single nanotube level. Well established Raman 
results obtained on SWNTs and DWNTs, unambiguously identified by HRTEM and ED, were 
reported. Especially, the dependencies of the main features of the phonons (profile, frequency, 
resonance conditions) of individual free standing SWNTs and DWNTs as a function of their 
structural parameters were shown and discussed.  
In the second part, we demonstrated that, in some specific situations, electron diffraction 
fails to identify the structure of individual nanotubes. In such situations, we highlighted that the 
combination of HRTEM, ED, and RRS permits to suggest the most accurate index-assignment of 
individual SWNTs and DWNTs. Such experimental coupling is particularly relevant for studying 
complex carbon nanostructures such as TWNTs.  
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